Abstract. It is widely accepted that mechanical stress is an important factor in bone associated cell differentiation, including that of mesenchymal stem cells, osteoblasts and osteocytes. The present study aimed to determine the effect of mechanical cyclic compressive load on osteoblast differentiation, and whether this was associated with activation of the wingless-type (Wnt)/β-catenin signaling pathway. Using a 3D scaffold model, MC3T3-E1 cells were exposed to cyclic compressive loading via the Flexcell-5000C™ Compression system. Sinusoidal wave magnitudes of 0.33, 0.5 and 1 MPa were applied for 4, 6 and 8 h, at 1 Hz frequency. Expression levels of genes associated with osteoblast differentiation were enhanced following compression, including alkaline phosphatase, osteocalcin, runt-related transcription factor 2 and osterix. Optimal compression was observed using a magnitude of 0.5 MPa for 6 h, whereas a magnitude of 1 MPa had no effect on osteoblast differentiation, and had a negative effect when applied for prolonged time periods. Compressive loading additionally enhanced the mRNA expression levels of the Wnt/β-catenin signaling pathway component, low density lipoprotein receptor-related protein 5, and the protein expression levels of Wnt1, disheveled segment polarity protein-2 (DVL2) and β-catenin. By contrast, mRNA expression levels of sclerostin and the inactive form of β-catenin (phosphorylated at Ser33/37/Thr41) were reduced following compressive loading. Following compressive loading of cells, dickkopf-related protein 1 (DKK-1), an inhibitor of the Wnt signaling pathway, increased protein expression levels of the inactive form of the Wnt-associated protein, phosphorylated-β-catenin, compared with compression alone. However, DVL2 and Wnt1 protein expression levels were unaffected, suggesting that the loading-induced activation of Wnt/β-catenin signaling decreased however, it was not prevented by DKK-1 treatment.
Introduction
Bone undergoes constant remodeling via a balance between bone formation and resorption, which maintains adult skeletal health; osteoporosis is a bone-associated disease caused by disruption of this balance. It is characterized by a reduction in bone mass or bone mineral density, and the deterioration of micro-architecture that frequently leads to a high risk of fracture (1, 2) . Osteoblasts induce bone formation whereas osteoclasts promote bone resorption.
Mechanical loading, including strain, compression and fluid shear, are stimuli that regulate the function of osteoblasts and osteoclasts. Therefore, bone mass (3) and tissue are maintained and have sufficient strength to withstand such loads. By contrast, unloading may disrupt this balance and lead to rapid bone loss or osteoporosis. For example, astronauts may lose up to 2% in hip bone density per month in space (4) . Bone cells, including osteocytes and osteoblasts, have been extensively studied in response to mechanical loading, and reports have suggested that strain or fluid shear may serve a significant role in bone development (5) (6) (7) . In addition, the effect of bone cell compression has been investigated in vivo and in vitro (8) (9) (10) (11) . However, the majority of previous studies have examined the effect of mechanical load on monolayer culture. Therefore, the aim of the present study was to determine the effect of compressive load on osteoblast differentiation in a 3D model in vitro.
Mechanical force may influence biochemical signaling in osteoblasts and osteocytes by altering transcription factor translocation, gene expression and osteoblast differentiation (12) . This response may be associated with various intracellular signaling pathways, including wingless-type (Wnt)/β-catenin, bone morphogenetic protein (BMP), mitogen activated protein kinase and osteoprotegerin (OPG)-receptor activation of nuclear factor (NF)-κB (RANK)-RANK ligand (10) . The Wnt/β-catenin signaling pathway is important in bone biology, as it may promote osteoblast lineage differentiation of mesenchymal precursors (13) (14) (15) . This may enhance osteoblast proliferation and terminal differentiation (16) (17) (18) , and inhibit apoptosis of osteoblasts and osteocytes (19) . Runt-related transcription factor 2 (Runx2) and osterix (Osx) are key downstream transcription factors of the Wnt/β-catenin and BMP signaling pathways, and regulate osteoblast differentiation (20, 21) . Accompanied with differentiation of osteoblasts, the expression of bone matrix proteins, alkaline phosphatase (ALP) and osteocalcin (OCN) increases, which may lead to mineralization and bone formation. Sawakami et al (22) revealed that mice lacking the Wnt co-receptor, functional lipoprotein receptor-related protein (Lrp)5, have an impaired cortical bone response to ulna loading. A further study demonstrated that high and low magnitudes of strain enhanced β-catenin in mesenchymal stem cells, promoted osteogenesis and suppressed adipogenesis (23) . Mechanical loading additionally regulates osteoblast activity via downregulation of sclerostin (SOST) and Dickkopf-related protein 1 (DKK-1) expression, which negatively regulate the Wnt signaling pathway (9, 11, 24) . Conversely, other studies reported that a high magnitude of mechanical load enhanced the expression levels of interleukin (IL)-6, IL-8, RANKL and fibroblast growth factor-2, and reduced the expression levels of OPG and ALP activity (25) (26) (27) (28) . This reduced the differentiation of osteoblasts and enhanced the activation of osteoclasts. Thus, the underlying mechanism by which magnitude and duration of cyclic compressive load affect osteoblast differentiation remains to be fully understood. The present study aimed to investigate the effect of different magnitudes and durations of cyclic compression on osteoblast differentiation and determine whether this is associated with activation of the Wnt signaling pathway.
Materials and methods
Cell culture. The mouse MC3T3-E1 osteoblast-like cell line was obtained from the American Type Culture Collection (Manassas, VA, USA; CRL-2594) and cultured in α-modified Eagle's medium (α-MEM; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 1% penicillin and streptomycin (P/S; Beyotime Institute of Biotechnology, Haimen, China). Cells were cultured in a humidified incubator at 37˚C and 5% CO 2 . Cells were passaged at 70-80% confluence using 0.25% trypsin-EDTA (Beyotime Institute of Biotechnology).
3D scaffold preparation. Confluent cells were detached using 0.25% trypsin-EDTA and counted. Cells were suspended at 4x10 7 cells/ml in 2X α-MEM containing 20% FBS and 2% P/S, prior to mixing with an equal volume of 4% low melting point agarose (cat. no. A9045; Sigma; Merck KGaA, Darmstadt, Germany) at 37˚C. The mixture was added to 6-well Biopress TM compression culture plates (Flexcell International Corporation, Burlington, NC, USA) and allowed to set at room temperature. The resulting 3x5 mm cylinder agarose gel containing 2x10 7 cells/cm 3 established the 3D scaffold model. Cells within the 3D scaffolds were cultured in 1X α-MEM. During the cyclic compression experiment, 50 mg/ml ascorbic acid and 10 mM β-glycerophosphate were added to the medium.
Cyclic compression experiments.
Following 20 h incubation of the 3D scaffold, the Flexcell-5000C™ Compression system (Flexcell International Corporation) was utilized to apply the compressive load. Previously published data revealed that 6% compressive force corresponds to 1 MPa (29) . Therefore, the present study used a sinusoidal wave with 0.33, 0.5 and 1 MPa (equivalent to 2, 3 and 6% magnitude) and 1 Hz frequency (25, 29) . Unloaded 3D scaffold samples served as controls. Samples were analyzed at 4, 6 and 8 h. To determine whether the Wnt/β-catenin signaling pathway was involved in the osteoblast response to mechanical compression, an inhibitor of Wnt signaling, DKK-1 (50 ng/ml), was added to the 1X culture medium 1 h prior to compressive loading (6 h and 0.5 MPa).
ALP assay.
Following cyclic compression, cell-gel samples were washed 3 times with phosphate-buffered saline (PBS) and homogenized with 1 ml 0.3% Triton X-100. ALP activity was quantified in the gel supernatants with the Alkaline Phosphatase assay kit (Beyotime Institute of Biotechnology), according to the manufacturer's protocol, using para-nitrophenol as a substrate, as previously described (30) .
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following compressive loading, total RNA was isolated from cell-gel samples using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RNA purity and concentration were determined by measuring the absorbance at wavelengths of 260 and 280 nm. cDNA was obtained by RT using the PrimeScript ® kit (Takara Bio, Inc., Otsu, Japan). qPCR was subsequently performed with the FastStart SYBR ® -Green Master kit (Roche Applied Science, Mannhein, Germany) on an ABI 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with 40 cycles of 94˚C for 30 sec and 60˚C for 90 sec. Forward and reverse PCR primers were designed based on mouse sequence information, and are listed in Table I . The quantitation cycle (Cq) value was calculated for gene expression quantification using the 2 -ΔΔCq method (31) . GAPDH served as an internal standard.
Western blot analysis.
Following compressive loading, cell-gel samples were washed in PBS. Total protein was extracted using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). The protein concentration was determined in each sample using the Bicichoninic Acid Protein assay kit (Beyotime Institute of Biotechnology). A total of 20 ml of each sample was loaded onto 8 to 10% gels and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, prior to transfer onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) via electroblotting. Membranes were blocked for 1 h with 5% fat-free milk in Tris-HCl-buffered saline containing 0.1% Tween-20 (TBST) at room temperature. Subsequently, membranes were probed with the following primary antibodies: Rabbit anti-phosphorylated (p)-β-catenin (dilution, 1:800; catalog no. 9561; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit anti-β-catenin (dilution, 1:1,000; catalog no. ab6302; Abcam, Cambridge, MA, USA), rabbit anti-Wnt1 (dilution, 1:1,000; catalog no. ab15251; Abcam), rabbit anti-β-actin (dilution, 1:1,000; catalog no. 4970; Cell Signaling Technology, Inc.) and rabbit anti-disheveled segment polarity protein-2 (DVL2; dilution, 1:1,500; catalog no. 12037-1-AP; ProteinTech Group, Inc., Chicago, IL, USA) at 4˚C overnight. Following washing with TBST, membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (dilution, 1:5,000; catalog no. 7074; Cell Signaling Technology, Inc.) for 2 h at room temperature. An Enhanced Chemiluminescence Detection kit (EMD Millipore) was used to detect the immunoreactive signals, which were exposed using the Tanon 5200 Multi system (Tanon Science and Technology Co., Ltd., Shanghai, China). Protein bands were quantified using Image J software version 1.49 (National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation of three independent experiments. Figures were prepared using GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). Two-way analysis of variance followed by the Bonferroni post hoc test was performed to determine the effect of cyclic compression magnitude and duration on osteoblast differentiation. Statistical calculations were performed using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA), and P<0.05 was considered to indicate a statistically significant difference.
Results
Mechanical compressive load stimulates osteoblast differentiation. ALP and OCN are indicators of early and late osteoblast differentiation, respectively. The present study revealed that 0.5 MPa compression significantly increased expression of ALP activity by 4.40-fold after 6 h compared with cells at 0 h (P<0.01). In addition, compared with cells at 0 h, a 2.57-fold increase in ALP activity was observed following 0.33 MPa compression for 6 h (P<0.01), whereas 1 MPa induced a significant reduction in ALP activity after 8 h (P<0.01; Fig. 1A) .
Similarly, compression of cells induced a significant increase in the mRNA expression levels of ALP (Fig. 1B) and OCN (Fig. 1C) , particularly following treatment with 0.5 MPa for 6 h (P<0.01). In addition, a significant increase in ALP mRNA expression levels was observed following treatment with 0.33 MPa for 6 h (P<0.01); however, no significant increase in OCN expression levels were observed under this condition. Conversely, application of 1 MPa significantly reduced the expression levels of ALP (Fig. 1B) and OCN (Fig. 1C ) after 8 h (P<0.01). These results indicated that the ability of compressive load to stimulate osteoblast differentiation is dependent on the duration and magnitude of the force applied.
Mechanical compressive load increases the expression of key transcription factors involved in osteoblast differentiation.
Runx2 and Osx are transcription factors involved in osteoblast differentiation. Consistent with ALP activity and mRNA expression levels, 6 h compression at magnitude of 0.5 MPa induced the greatest increase in Runx2 (P<0.01; Fig. 1D ) and Osx (P<0.05; Fig. 1E ) mRNA expression levels by 8.44-and 2.51-fold, respectively, compared with the 0 h control. Application of 0.33 MPa did not significantly alter Runx2 and Osx mRNA expression levels. Compression at 1 MPa induced a significant increase in the mRNA expression levels of Runx2 after 6 h (P<0.01), whereas mRNA expression levels of Osx were reduced after 8 h (P<0.05). Thus, 0.5 MPa compressive load for 6 h increased the mRNA expression levels of key transcription factors, suggesting that osteoblast differentiation was enhanced in MC3T3-E1 cells.
Mechanical compressive load stimulates osteoblast differentiation via the Wnt/β-catenin signaling pathway.
The present study examined whether Wnt/β-catenin signaling was involved in compression-induced regulation of osteoblast differentiation. Compared with cells at 0 h, a compressive load of 0.5 MPa significantly enhanced the mRNA expression levels of Lrp5 at 6 h (P<0.01; Fig. 2A) , and reduced SOST mRNA expression levels at 4 and 6 h (P<0.01; Fig. 2B ). In addition, the protein expression levels of Wnt1, β-catenin and DVL2 significantly increased (P<0.01) following mechanical treatment, particularly after 6 h compression treatment at 0.5 MPa (Figs. 2C  and D) . Furthermore, 6 h compressive load reduced the protein expression levels of p-β-catenin at 0.5 MPa, decreasing the ratio of p-β-catenin/β-catenin (P<0.01), which suggested that compression stabilized β-catenin by inhibiting its phosphorylation at residues Ser33/37/Thr41. These results indicated that compressive load increased expression of key regulators of the Wnt/β-catenin signaling pathway, thus promoting osteoblast differentiation.
Subsequently, DKK-1 was utilized to inhibit the binding of Wnt ligands to Lrp5, decreasing the protein expression of β-catenin and increasing p-β-catenin/β-catenin, with 
Gene
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ALP, alkaline phosphatase; OCN, osteocalcin; Runx2, runt-related transcription factor 2; Osx, osterix; Lrp5, low density lipoprotein receptor-related protein 5; SOST, sclerostin; F, forward; R, reverse. no change in Wnt1 or DVL2. Notably, compression loading (0.5 MPa, 6 h) and DKK-1 treatment stimulated a significant increase in the protein expression levels of Wnt1 (P<0.05), decrease in p-β-catenin/β-catenin (P<0.05) and no change in β-catenin or DVL2 when compared with DKK-1 treatment without compression loading (Fig. 3) . Therefore, this suggested that DKK-1 decreased but did not prevent compressive load-induced Wnt/β-catenin signaling.
Discussion
Published data have demonstrated that bone cells respond to mechanical load, including tension, compression, hydrostatic pressure and fluid shear stress, which regulate osteoblast differentiation in vitro (6, 8, 10, 32) . However, the majority of these studies investigated the effect of loading on monolayer cell cultures. In the present study, a 3D in vitro model was applied to determine the effect of cyclic compressive load on osteoblast differentiation. Compressive load increased ALP activity and mRNA expression levels of ALP, OCN, Runx2 and Osx in osteoblasts, indicating that mechanical load stimulates osteoblast differentiation, leading to osteoblast maturation and bone formation.
Mechanical loads of 2,000-4,000 µ strain on long bones from physical activity may promote bone remodeling, and 1,500 µ strain is considered to be the threshold for promoting this in vivo (33, 34) . However, it is difficult to compare the magnitude of strain in vitro with that in vivo, and the effect of magnitude of mechanical stress on osteoblast differentiation remains to be fully elucidated (8, 28, 32) . Thus, the present study investigated the effect of three different magnitudes of compressive load on osteoblast differentiation. Data revealed that 0.5 MPa compression effectively increased ALP activity and the mRNA expression levels of osteoblast differentiation markers. Compression at 0.33 MPa promoted ALP expression and activity; however, to a lesser extent than 0.5 MPa, whereas 1 MPa resulted in a reduction in ALP mRNA expression levels and activity. This is consistent with a previous study that demonstrated that Runx2 was up-regulated following 0.8 and 5% elongation for 6 h, and downregulated following 5, 10 and 15% elongation for 24 and 48 h (26) . Sanchez et al (28) demonstrated that 1-1.7 MPa compression lead to an increase in the mRNA expression levels of IL-6 and cyclooxygenase-2, and a decrease in the mRNA expression level of OPG in osteoblasts, which may downregulate bone formation and promote osteoclast differentiation. The results of the present study indicated that compressive load promotes osteoblast differentiation in bone cells when an optimal magnitude of 0.5 MPa (~3% elongation strain) is applied; however, greater magnitudes prevent bone formation.
In the present study, the effect of different durations of compressive load on osteoblast differentiation was additionally investigated. Results demonstrated that 6 h compressive load effectively promoted factors involved in osteoblast differentiation, and was more efficacious than durations of 4 or 8 h. A compression time of 8 h reduced the expression levels of osteoblast differentiation-associated genes in MC3T3-E1 cells following treatment with a high magnitude of 1 MPa. Koike et al (26) reported that high strain magnitudes downregulated Runx2 mRNA expression levels after 24 and 48 h in the stromal cell line, ST2, which is consistent with data obtained in the present study. Sittichockechaiwut et al (8) demonstrated that 2 h of 5% elongation compression on MLO-A5 cells increased the mRNA expression levels of type l collagen, osteopontin and OCN, and had a substantial effect on osteoblast differentiation. These results indicated that the response of bone cells to compressive load is dependent on a combination of magnitude and duration. However, different cell types have different responses to mechanical stress, which may lead to variable results.
The Wnt/β-catenin signaling pathway is activated when Wnt ligands, including Wnt1, Wnt3a and Wnt8 bind to the frizzled (Fzd) receptors and coreceptors, Lrp5 and Lrp6. The Wnt-Fzd-Lrp complex subsequently activates β-catenin signaling (35) . β-catenin is stabilized when localized in the cytoplasm; however, its translocation to the nucleus leads to activation of Wnt signaling (36,37), which regulates osteoblastogenesis (13-18), promotion of bone formation and Figure 3 . DKK-1 decreases but does not prevent load-induced activation of the Wnt/β-catenin signaling pathway. The low density lipoprotein receptor-related protein 5 inhibitor DKK-1 was used 1 h prior to mechanical treatment to evaluate the potential role of Wnt/β-catenin signaling in load-induced osteoblast differentiation. The effect of compressive load on the protein expression levels of p-β-catenin, β-catenin, DVL2 and Wnt1, were evaluated by western blotting; β-actin served as an internal control. Bands were quantified via densitometry to obtain relative protein expression levels. Data are expressed as the mean ± standard deviation of three independent experiments. * P<0.05; ** P<0.01. NS, not significant; DKK-1, Dickkopf-related protein 1; Wnt1, wingless-type; p, phosphorylated; DVL2, disheveled segment polarity protein-2.
repression of bone resorption (38) . Studies have demonstrated that mechanical strain enhances the mRNA expression levels of Wnt3a and Wnt10b (39) ; however, to the best of our knowledge, no study to date has investigated whether compressive strain increases expression levels of Wnt1. In the present study, 0.5 MPa compressive load significantly increased the protein expression level of Wnt1, and 6 h mechanical load was most effective. This condition additionally increased the expression levels of osteoblast differentiation markers, which suggested that initial activation of Wnt/β-catenin signaling may be involved in compression-induced osteoblast differentiation. A previous study has revealed that compressive load activated DVL2, which promoted the stabilization of β-catenin by disruption of the β-catenin destruction complex (38) , and activated the Wnt/β-catenin signaling pathway. In the present study, compressive load led to an increase in the protein expression levels of β-catenin and decreased the inactivation of β-catenin, as ascertained by measuring the protein expression levels of p-β-catenin. In addition, compression enhanced mRNA expression levels of Lrp5 and decreased those of SOST. These results suggested that Wnt/β-catenin signaling serves a role in the response to compressive load in MC3T3-E1 cells and osteoblast differentiation.
DKK-1 inhibits Wnt/β-catenin signaling by binding to Lrp5/6. When treated with DKK-1, compression loading (0.5 MPa, 6 h) stimulated a significant increase in the protein expression levels of Wnt1, and a significant decrease in the ratio of p-β-catenin/β-catenin when compared to DKK-1 treatment without compression loading; however, the expression level of DVL2 was not altered. These results suggested that signaling pathways other than Wnt may be contributing to load-induced osteoblast differentiation (40) . Previous studies have demonstrated that mechanical stimuli activated protein kinase B, inhibited glycogen synthase kinase 3β via phosphorylation, which directly activated β-catenin (23, 41) . Therefore, the osteoblast response to compressive loading may be regulated by cross-talk between different signaling pathways. A report by Ponik et al (6) demonstrated that Lrp5-positive transgenic mice were more sensitive to mechanical load, and this was associated with upregulated Wnt target gene expression. Therefore, Wnt/β-catenin signaling may regulate osteoblast differentiation in response to compressive load.
In conclusion, the present study demonstrated that compressive loading stimulates osteoblast differentiation in a magnitude-and duration-dependent manner. The Wnt/β-catenin signaling pathway may serve a role in load-induced osteoblast differentiation; however, other signaling pathways are likely to be involved. The findings of the present study provide further understanding of the effect of compressive load on osteoblast differentiation and bone formation, which may ultimately help prevent the development of osteoporosis.
